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Abstract.  - SJ,ace-t,asccl  iriterfcrolllcters  cleclicatcd to wide-augle  astrometry lvould d] arllatically irlcleasf’ tl!~>
accuracy of augular rocasurcr]~crlts  fuudau~crltal  to a  wicle rage o f  astrqjhysical  ~Jroblel]is. “I’l Ie pro]mccl Glc)l]al
Astlolnetric llitcrferorncter for Astro])hysics  (G AI A), a conti],uously rotatirlg iustrurncut coll~~)risirlg,  two or three
iritcrferomctc]s,  \vill reach  the 5 -  2 0  iias  level on mcmc thali 35 ri)illicm o},jects.  ‘J’lLc  IIcccssa Iy \\,idc f i e ld -o f -v i e~v

for such a ]J)ccisiou could l)c c,l,tailled  ~vith a }Jizeau illterfcrc)u~ctel.  V’c dcsigllecl a n d  mc)dclled a 2.6 m I]aselillc
iutcrferoructer  wit}~ tw’o 40 cm a~)crtures, alid o\’crall diu]eusiolls  cc,u]l~atilllc wit}i the s i z e  of the Arianc  1’ J,ayloacl
shrc)ud. It has a w 1 degree cliff  lactio]i li~nitecl field-c~f-~’icw. ‘J’lte lesI]onse  of the o}~tical system to sluall  perturbations
ou cacll optical clemerl(  is .giveri in terms c)f friu. gc Visi})ility, w}iich is s}io~~n  to dc])cucl ]uaillly  CID sub-aI)crture s~)ot
scJ)aratioI1. ‘J’lIe Iol)ustness  of the dcsigt] to t}]cI Inal, lnccllaI~ical al]d ]liaI)ufacturiI~g errors is discussed.

Key  w o r d s :  illstrLlr]lcrltatiol~: illterfc’ror~lctc’rs  - telescwes  aStrO1llc’trY

1. Introduction

Astronomical interferometry  has now ~]assed  tile ~Jurely
demonstratil’e  stage and has made impoxtarlt  scientific
contributions (Ikkers  &r Merk]e 1991) including the field
of astrometry (S}tao et al. 1987). Several .grcmnd-t)a.sed
interferomet  crs are in operation, measuring stat diaule-
ters or searclliug  for extra-solar planets for instance. Scmd-
ing an interferometer to space raises Hew and chalicngiw
problems, sLlcli as fittiug tl~e instrume]lt  irl a corifined pay-
load shroud or controlling its stat)  ility to various ~wrtur-
hations.  This paper presents the study of atl astrometry  -
oriented interferometer of the Fip,eau  type Tlie interfer-
ometer is mc)delled usilig a compact tllrec-mir’ror telesco])e
specifically designed tcj fit in the ])ayload  envelope of the
AriaIle \r launcher and wliicll is ])rmc[ltcd irl tlte first ]Jart
of Sect. 2. Tl~e olwratio~ial  moclc of the interferometer
and its associated forma  lisln, a.s WCJ1 as the method used
to estimate the Visil)ility of tllc i~ltcrfcrcllce  fringes is l)] e-
sentcd in the second ])art of tllc same scctioll. ll~e Fiwau
interferometer is tllcvl analyzed  in its wkde atld tokraucc%
to mechalkica]  ]mturbatiol]s, due for i[istartcc to tllerl]lal
variat ions,  arc giverl (Swt. 3). N’e ])resrl)t  a ul~ified curve
o f  toleraricilig  g,ivir)g tl)(’ frillgc visil)ility as a furlctiol~  of

.Selld ofiprlrjt  rc911c,sts /0: S, l,oiseall
(loisca,,@},l~le] lc,tc. [,l,s])ll)fl)

t~lc n~ajy)itudc alld tyl,e o f  t h e  ap~,]iecl pertur’~)atioxl  ]t
is sl)cM’11  that as the interferometer is ]necltallically  per-
turbed (e.g. tilt or disldacertlerlt  of aw optical element),
tl]e fringe corlt~ast ctro~~s mainly as a ful~ctioll of s~)ot sepa-
ration  ill the image ]dauc, with abmations lJayirw,  ol~l} a
secol~dary  role, ll)cI optical aberratiorls of the instrument
are small  aud a detailed al~alysis of tl~c Cfistortioxl is also
givell in Sect. 3.

The sim~)lest  astronomical intelferomctcr is a mirror
covered l)y a mask in ~vhich two a~)ertures are ])ierced.
h’amccl after Fimau, this kind c)f iuterfcrometer  differs
ftol]]  the so-called lvlicl~elson interferometer by the hOnlo-
tlletical relaticmsllip  t)ctw’eerl its erltrarlce  aucl exit pupils
lkwltially, the entraIlcc  l)upil of a Fi7eau interfemmetel
is coIII~mscd of two c)r mole mirrors \vllicl) are all ])art of a
gialtt  virtual ])rirnary mil ror, fv}lcleas a Mic]lelso]l intel-
fmcnneter comj)rises itlder)endent  light collectors fccdi~lg
a common ham coxl~t)iuer.  For our application, namely
w’ide  field astrometry,  the Fizeau  configuratic)ll is required
ljccause  it offers a vely lnuc]i wider field-of-view’ tllalk a
hlicl~e]soll  of the salne mltrance  ~)u])il configul at iorl.

Tile st] ict performalice rquire][lents o]! t h e s e  fu-
ture  irlst]llmerits  ltwd t o  wwrc stal)ility  ccJ1lst]airits  ml
t h e  Cq)tic:Ll slid thus  IJlecliauical structllre. R] irlstallC~’j
acl~ie~firl~ arl ast rcr]llet ric accuracy of 20 rllic]()-:~rcs(’c[)lld
(ilas)  I]si]lg a 3 ltl lm+elil)e  rcquir(,s ii 1[1(’aSlllC1llC1kt
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acci[ racy ill ()~)t ical Path l)iff’orellce  (or’1)) I)ct,wc(,ti ttl(,
two iiltctferiltg  bca]ns  of 300 [jicolllcters,  Morfxwcr,  tliis
OPIJ  rtlust b e  stal)ilized  so as to re]naill Sl[ialler tllaTt a
f r ac t i on  of tl]e col]crcncf.’ lc[lsth  Az/A~.  In tllc’ ca.s(I of a
Fizeau  interferometer, the Airy disks for[ncd  by the two
apertures must add coherently on the focal plane, inlpos-
ing stability constraints on the o~)tical train. Achicwillg
these  requirements ]nay be even more challenging il~ space,

There  arc several  proposed and }vell-studirxl spacc-
based interferometers (Shao 1993; Reasenberg  et al. 1994).
Space provides not only its traditional advantages
absence of atmospheric turbulence, access to the whole op-
tical spectrtrn~  - but is also the orlly ~)ossil)le Idatform  fol
global astro~netry,  which consists in pcrforlnil]g  a global
reduction of the data over the whole celestial sl)here, so as
to eventually obtain a coherent referellce  fra]ne. Interfer-
ometers seem to be particularly well fitted  for astrometry
since they enable  an accurate control of systematic er-
rors, which is precisely the key to high-precision astroxnet-
ric measurements. Furthermore, interferometers have the
intrinsic capability to clecouple sensitivity (i.e. the light-
gathering power) and resolution, which makes it possible
to reach higher resolutions than those possible with equiv-
alent conver[t ional telescopes.

The scientific case for very accurate astrometry is conl-
pelling.  For example, stellar luminosities estimates require
the knowledge of stellar distances, which can only he cli-
rectly  deternliued  from measurements of trigonometric
parallaxes.  Another example is the dratnat ic improvement t
of the kllowlecfge of the extra-galactic clistance scale that
would result from the measurements of the distances of
hundreds of Cepheids  allcl RR Lyrae  stars at the 20 pas
level. Parallaxes  at the 50 pas  level for K giants with a
broad range of metallicities would considerably inlpro~’e
the accuracy of the calculation of the surface density of the
Galactic disk in thesolar nei,ghborhoodl leading topossi-
ble conclusions on the nature of the Dark  Matter in our
C;alaxy. Astrophysical applications also include, an~o~~g
many others, detection of extra-solar planetary systenls
and tests of general relativity.

The Global  Astrometric Interferometer for Astro-
physics  (GAIA)  (Lindegren  et al. 1994; I,indcgrcrl L’ I’cr-
ryrnan 1995)  is a space-based instrument dedicated to
global ~strcmletry,  follo~ving  on the success of }Iip])arcos
(Perry man et al. 1992) and aiming at tllcelllla]lce]l~e]lt
by a factor 100, compared to Hippal-cos,  not oIlly fo] the
a.strometric  precision but also for tl]e !Ium})rr  of oljjects
observed. GA1.A’s  main ol]jecti}w  is to J)erfor]ll  global as-
tmmetry at the 5–20 ~{as lc}rel for positions, ~)roper IIIO-
tionsal~d  paralltcye son N 50nlillio]l  objects. It collld con-
prise three interferometers, stacked on top of eacli ot]ler
and set at large  ail.gles to each otllcr,  so &s to briti: to-
gether  r e g i o n s  o f  the sky seljarated  by k~lig  am. I,ikc>

IIi~]parcos,  GAIA uould  l)r a  continllously  rotatiu~ iu-
strun~cllt for ~vhicll tllc calil)ratio[l  ])aral[lett’rs of the ili -

strll[ll(vlt are imrt of tile astrolnetric (Iiita, solved for dur-
ing tile global (Iata  r(vlllctioll. LJnlike I[ipl)arcos,  each of
GAIA’s  irltclf(’rt)~[lc’tc’rs will ol)serve several stars si[n{llta-
IIeously,  reco[dillg, their Imitiolls relative to a focal grid
l)y tneansof pul)il plancdetcctors

“llle downsideof this clloiceof colltinuous  scanning is
theilltrillsic lilnitation ofthc integration tirn eon anyob-
scrved object: its upl)er bourld is roughly (QT)/47r  where
Qis the solid angle subtended bytheficld-of-view  of the
detector and 7’ tile total duration of the Inission.  Since
the latter is not expandal,le,  the field-of-view of the in-
strument (of each of the three identical interferometers)
should be nlaxinli7,  ed.  Simple calculations ort astrometric
~)recision for photon noise limited observations show that
a field-of-view of nearly  I degree in diameter is needed
to open thepossibility of reaching the desired ~strometric
I)recision.  The Fizeau  type interferometer traditionally of-
fers a nluch wider field-of-view than the Michelson type,
hcnceour  choice of optical configuration In the following
sections, a design for a tliree-mirror  Fizeau  interferonle-
ter, diffraction limited over afield-of-viewo  fO.9degrecis
described.

2. Moclelling of the instrument

2.1. An all-reflective compact three-mirror telescope

The natural first step to the design of a Fizeau  interfer-
ometer is the design of the corresponding mono-pupil tele-
scope orl which a two-aperture mask \vill later be placed.
The  starting, point of the clesign was set by the need for a
wide field of view and by its necessary compactness: it had
to comply with the dimensions of the Ariane V payload
shroud which is a 4.5 m circular envelope. For these rea-
sons, it scemecl logical to consider a three-mirror telescope,
capable  of being very compact with a sufficiently long fo-
cal length. A reasonable size of a few’ decimeters for the
focal plane sets the value of the latter: with a field-of-view
of - 1 ” , a value between 10 and 15 m seems adequate.

Addi]lg a third mirror to the system introduces addi-
tiorlal clegrecs of freeclo~n  compared to a two-mirror de-
sign, making it possible to obtairl  all aplanatic and anas-
tiglnatic  configuratiox~ (Korsh 1977). Solutions for three-
lnirror  designs corrected for s[)herical aberration, coma,
a.stiglnatism  and field curvature have appeared in the liter-
ature (tVetl~erell  & Rin~xl~er 1972; Korsh 1972,  1977; Genes
1973; Eisen}~erg  & Pearson 1987). Three-mirror designs
optilni~ed  ~vitl~ automatic ray-trace progralns  have also
I)celi proposed (I{obl) 1’37S)  but their dimensions exceed
our litnitations.

So far, none of tl~e ~,ro~)osed  desig[ls Illects our needs
For  ins tance ,  Kors}L  (1977)  I)roposed a!l wl~stiglllatic de-
si~[l with all overall lmlgtll of 4.5 In fol a clear aperture of
1..5 11~. A two-l llirror, three-surface telescope, very similar
to our dmig[i, is given by Eiselll)crg & Pearsori  ( 1987)
I)llt has all m’erali  Ien.gtli of 4.32 III, a field-of-view of
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Fie. I. Goss section of the three-mirror cfcskw. The primary and the l~rtiary nlirror share the same vertex. The overall  Iewzth
–“

of the telescope is 3.5 m for a primary cliame~er of 3 ]n. The final focal ratio is 3.s5

10 arcmin and no detailed study of system aberrations
is given. ‘The design we propose is ~lot new i~l its aspect
(Rumsey  1969a, b; Eisenberg  & Pearson 1987)  but we be-
lieve that such a compact instrument, diffraction-limited
over a 0.9° field-of-view has not before treen presented.

Our design constraints were to use 3 conic mirrors, to
achieve a diffraction-limited field-of-view c)f 0.9°, maintain
a total length  no greater than 3.5 nil and to co]lstrain  t}~c
effective focal length to 11.55 m. We optimized for the best
composite focus over the whole 0.9° field-of-view’, letting
the conic constants, separations, and focal le]lgths of the
mirrors vary.

In the final configuration, the tliree mirrors conllms-
ing thr? telescope are hyperboloids with J’C!aS’@IatJl(’  conic
constants. The s])eciflcaticms of the mirrc)rs  are showTn  in
TaMe 1. The tertiary and the prinlary  share  a common
vertex hut  have different curvatures. The  a])erture  sto~) is
located on the primary mirror. l’hc  fc)cal ])la~]e is located
2 cm behind  the scccnldary.  Its ~)roximity to the instru-
ment’s envelope  could facilitate thermal control, Ija.ssive
or active. T}lr overall lellgtll  of tile telrsco]w  is 3.5 m and
its width is 3 X1l, t}llls fitting in the Arialle  V eJIvdolw, lJs-

!rable  1. h!ain  ~~aran~etcrs of the three-mirror telescope from
which the Fizeau  interferometer is derived. 2 = coordinate
of the vertex of the surface, D = outer diameter of surface,
r = radius of cur~,ature,  K = conic constant. I,ig}it enters in
the +Z direction. All mirrors are concave towards +Z (negative
curvature). T’hc focal surface is flat

Surface 2 I) [n,] r K

primary mirror 3.51996519 3.00 11.57 –1.407347
secorlclary n~irror 0.01996519 1.25 5.36 –3.581175
tertitiry mirror 3,51996519 1.12 10.02 –5.086847
focal plane 0.00 0.18 CM --

ing, the lml. gest ]mssit~lc  se]mratiol~s  betwcxxi  t}le mirrors
ir]side tl~e telescolw  structure makes it ]mssilde to have
relatively slow’ })ewns,  lwtter for al,crl  atimls.  The fillal fo-
cal latic~ of the system is 3.85. l’hc  o]]tical layout c)f the
tclesco}w  is sllowli ill Fig. 1.



A t  t]ie typical  ef~ective lvavelf!t!gttl, 55(J  11111,  t h e  (li-
ametcr  of tlic first Airy ril~g of thr dif~ractioll  ~)iit  tm II of
the telescope is 5.17 I(HI. ‘1’IIc r[ns sizes of the gfw[[~ctrital
spots given by fkle V* are 2.5 ~1111  011 axis, 4.3 l~l[i at 0.32
cfegrcc (corresponding to 0.45/fi)  and 5.5 jlt[l at 0.45 de-
gree, making it almost diffraction limited over a FOV of
0.9 degree. The Strehl  ratio (ignoring  the central  obscura-
tion) at full field is 0.875. The s]mt diagraln  is disl)laycd
in Fig. 2.
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0.000, 0.45C,

0.00, 0.70
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Fig. 2. Gcornetrical  spot diagram for the full-aperture t c-
scope. The rms spot sizes are 2.5, 4.3 and 5.5 pm for the three
field angle Cl, 0.32 and 0.45 degree

Even at full field, these aberrations have an amplitude
of = 5 Itm, less than the Airy disk diameter of the tele-
scope. Although the nominal instrument has very small
aberrations, a precise optical modelling  of the systmn is
required to allo}v the prediction of the aberrations, and
in particular the distortion ,as discussed in Sect. 3.4, as
a function of the pcrturbatiol)s ap[)licd  to the systelll.  It
should he noted that ttle aberrations of the corrcsJ~olld-
illg Fizeau  interferometer, as described in the follo~ving
section, arc often significantly smaller  than those of the
corresporlcling full-aperture systeltl.

‘Code  VM a registered [)roduct  of [)})tical Research  Associates,
I’asadclil, California

‘1’11(1  rjly sallll)lil~~  (I(lisititw of Illost [Jl)ti(:al d e s i g n  pro-
gl a]l)s art’ i[la(l(x]llatt’  to Cllilla(”teri%c tll(’ ~Jcrfornlance
of a ~iZPilll i]]t(’rf(’rf~[ll[’t(’r.  \t’{’ (Iesirf’  il Iilrge number  of
rays a(lmss tww widely sc])arated  all[l relatively sluall  sub-
il[)(’I’tll  I’f ’S, ~vilile at tt]e Silrtl(?  time delnan  ding diffraction
analysis using I)oth sub-apertures silnultaneously  for in-
tc[fcrornetry.  Thus \vc tllrlled  to another tool to trans-
f(]l in our col[velltio[lal telescope ill to an i~itcrferorlleter.
‘1’hc {~olltrollcd OIjtics hlod~lli]lg Package ((30ME’; Rect-
dilig et al. I ‘392)  offers a n(uch larger number of rays (up
to 2048 x 2018 ) and tl[c ~wssihility of implementing small
sul)-a~wl  tures  by rnearls  of obscuratiol[s  ou our primary
lnirror.  hforeover, it is Ilossible to l(ave full d i f f r ac t i on
l)lo~mgation  ~vith C; Okl  I’, making it possible to chtain
diffractiorl patterns and in particular interference fringes.

A tayout  of the Fizeau  interferornetw  m we designed it
is shown in Fig. 3. F,ach of the three original mirrors could
}Ie reduced tc) ttvo small sulbapertures. For the primary,
tliese a~]ertures have a diameter of 40 cm.  For the two
other optical surfaces, they  are a bit slnaller  (W 25 cm in
diameter).

_-..-— -.=--- . --
_— .._ ---

‘\
->. ..-. . . . . . . . . . . . . . . . . . -< ---- .-—.

Fig. 3. O[,tical  layout  of tl~e Fizeau  interferonleter. The  4.5 m
envelope  of the Arianc, V lauz)cller is sho~vn as }vcII

The  ~)(lrpose of tJUildirlg  arl intelferorn(’t(’r’  k to n~ea-
sure the phase arid am[]litude  of tile iriterferencr? fringes
resilltillg  Ivherl a star is observed, Tile phase gives an ex-
trel[lely sensitive nle:Lsure  of the star’s positiorl relative to
other stars (lvl~ose  phases arc being Sirtlultancous]y n]ea-
sured),  lvhilc the nlodulatiotl  anl[)litude  is related to t}le
si~l[i)l-tcEIIOise ratio of tl~e r[leasuret[lr[[t. In arl ideal in-
Str U[llellt,  t]l(’ tWC) Sll[)-apc’rtllr(’s  forlll [)(>[f(’Ct]y  OVerhp-

})ilig, ul~at)errated Airy imtterlls , arid tllc illllplit  Ude of the
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fringes resulting from their su~wrl)osition  is n}axilni7,cd,

in the real case, however, tllc large ficlct-of-vimv  aricf lim-
itcci de.cyecs c)f frccdon) lla~w l ed  t o  a ctcsigu that irltm-
Ctuces So]nc’  alwt rat iol)s and image SC’l)al’at  i[JI1.  I’c’t”t  Ill l)a-
tions such as sul)-a~mr’tule  t i l t s ,  clisplacemcnts,  allcl de-
focus will furtllcr  reduce  tlie fringe nlodulatioll.  III this
section, \ve prese~lt t}le fcnmdism  fcm analyzing tllc fringe
modulation. The  ]mt section then utilizes these results
and presents  a tc)lerancc analysis of the design.

We begin by assuming  tha t  t he  incoming  l i g h t  i s
monochromatic and that it emanates f[cnn a distant ~)oil~t
source. The  assumption of ali unrcso]vecl  soul-cc  is I cMcm-
ablc since the vast ma jo r i t y  c)f stars chservcd  by C;AIA
are unresolved Ivith a 3 m ba.selinc.

The aberrations of the instrument are cc)xl~relitionally
represented by the equi\’alcltt  p]iasc shifts q’)1  and rjq iri tl~c
two sub-aperturc!s.  T}le com~)lcx  amplitude of the izicom-
ing plane  wavefrollt is then described by the two functions

l’,,(~)  = o e- ‘K”’.F’(T  +- (–l)’l B/2)e- ‘~’’(’) (1)

(n = 1, 2) whc~e:

— Q is a constant of the il~cident  field strength
-. T is the coordinate in the pupil  plane  w’hic.b has its

origin at the center of the line joining tlkc aperturvs
– k = (27r/~)zf  is the wave vector (i.e. the wavefrollt is

moving in direction u when it is itlcident  on tile suh-
apcrt ures)

– I’ is the sub-aperture pupil i.e.

~ = 1 for ? = 1~1 < cf/2 (d being the  sub-aper ture
diametm), P = O if riot

– B is the baseline vector joining the centers of the t~m
pupils

‘1’he optical system pm forms a Fout ier ‘1’ransform  of the
wavefron~,  resulting in an image plane  electric field given
by pl + F’z, vrherc  tilde over a symbol indicates the Fourier
‘hansform  of its corresponding function in the pupil plane.
The Fourier Transform of P,,(r) is defined as

fin(s) =
/

I;,(T) exp[-2(2n/A)7’  s] Cfr (2)

where s represents the angular coordinates ir~ the inlage
plane.

The observed intensity is proportional to the scluare  of
the field, so that one h~s:

1 = l~lla  -t lfiz12 -t 2Re(PlPJ) (3)

The signal modulation is proportional to the amplitude of
the cross term.

It is c.onve~lient tc) analy?,e  the fringes by taking t}le
Fourier Transform c)f ti~cir ilitcvlsity distribution. Squar-
ing it, we get the spectral density (or power sjwctrum)  Of
the image, which l)resents  rlorl-t)vc:rla~>~]ilig low and high
frequency terms.  Roddier  & L611a (1 984) ]tave s])ow]) that

tile Iatic) of Iligh tcj lcJ\v ftequel)cy energies  gives a good os-
timatio]l  of (\ ’2/2). Tlleil  equations i!lrlude  the effects cjf
resolving the source  lrith the iutw felolnetm  ba-selil~e bu t
with a ~lclfcct system ~~itil IIO al)erlatio[ls.  \l’c s]lo~v be-
Ic)w, il~ Sect. 3.3, t}lat tliis ratic) is ~~ro~mrtiollal  tc] a ratic)
c)f collvolutic)tl integrals c)f illtcl~sities disl)laced  by ~)crtur-
l)atic)ns applied to tile system. 11’e a~l~)licd this metl}od
to estinlatc tlie visibility c)f tllc frir~ges  given by ~OhfF’.
AIi image obtairlcd  ~vitll ~OMP c~n tlie focal plane can
I)e seell in k’ig. 4. The corres~)onding il}tcvlsity  curve is

,.,. . .

Fig. 4. interference fringes obtained ~vith rGOhf[’ displayed in
invert ccl colors. ‘1’he fringe  s~)acing at 0.55 jtm for an interfer-
ometer with 40 cm apertures and 2.6 m baseline is 43.6 rnas.
There are ]6 fringes within the central ~wak of the Airy pattern
which has an angular width of 691.8 lnas.  l’he central peak and
first l,right ring only are showr,

disJ}layed  in Fig. .5. The  method thetl  consisted of tak-
ing tile 2-D Fouriel- ‘IYalisform  of tltc fringes, squaring its
modulus and calculating tile ratio c)f ap~)ropriate  terms.
This spectral density is displayed ili Fig. 6. The fringe

contrast we derived is 0.995 c)n tixis, 0.989 at 0.32° and
0.984 at 0.45° where angles are ill tt~e direction of the
baseline axis, 1’. The  contrasts corresI)onding  to angles
in tlw perpendicular directicm (X) arc respectively 0.995,

0.986, 0.974. These values correslwud  to monochromatic.
fringes (A = 0.55) 1nl).

2.3. I’he a ~JC’H’a t ion-free case

WC first consider the ideal case where there are XLC) aber-
rations  so that f#J,, = 0. OIIC thct[ has

P] =  fi(p)(’- “~’ “/A
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and
2.1, (7Tpd/A)

F(p) == cr———
7rprl/A

~ . . ..– –...

.4 — . . - . . –

500 6C0

(4)

(5)

where:

~=s–uarldp=lPl
J1 is a first-order Bessel functiorl

The intensity C)n tile focal plane is thcri given by

I = (OT:-)2
[
~~~~j~]’ [1 -t cos((27r/A)p  D)] ( 6 )

a~lfl we oljtain  tllc CliUWi (’ill reslllt  of illtelferwlce  f r i n g e s
{c)rt(}sl)c)rl{lirlg  to a bas(~lirlc  1) rllodulated  by an Airy pat-
t{’rll corres[)oll(lill~ to art a~mrture d.

2.4. A silr]~)lified ~rlodel for the abcrratcd syster]~

Irl tile case wllerw the Only aberratioli is a tilt across  each
sub-aperture (as would liappen  giverl  a small mechanical
I)ertllrbation  of the optical elemelits),  it is convenient to
rnodcl  tlIe aberrations of the ~Jupil by

f#),L(T) = (27r/A)a,L ?’ (7)

rrhe I~ourier  I’ransforrn of each sub-alJerture  is then

FI = F([p - cl,l)c’-’=@)”  f) fA/A

~1 = P(lp -- ~,l)e1m(9-~z)B/~ (8)

and the cross term which appears in the calculation of the
resultiug  intensity is

(
2Rc’ F(lp– cY,l)P*(lp  – a,l)c-” J’m(~-(n’  +m’)/2)”BJA

)
(9)

l’he  Expression of the intensity on the focal plane is then

l(p) = ((F([p  - CY,l)l’ + lP(/p - C2,1)l’)

x  c’os(27r(p  – (cl, +- a2)/2) ~/~)1 (lo)

which can be written in the form

I(p, al, cr,) = lo(p, a,, a,)

x (1 -f V(p,  cr,, a2)cos(27rjo  .p–l’~))

(11)

wherw ~0 = 13/A is the (vecto~ial) spatial frequency cor-
responding to the baseline II, v’) == (r/A) (a, + a.) ~ B
ar~d l~(p, ck, , a2) account for the aberrations and pcrtur-
Lations  of the system. This sho}vs  that there is a loss of
}fisibility due to the nature of the instrument. This con-
trast term reffects the optical transfer function of the in-
terferometer itself. The piston term that ~vould have to
be introduced in a more precise model of the aberrations
Jvould create a phase shift of the fringes. Piston leacls to
distortion ancl we handle that issue ill Sect. 3.4.

2.5. The effect  of firIite bar~dwidth

tVith a finite or)tical band}vidth A,\,  tile 10ss of visibility
is slightly increased. Indeed, a.wurlling eqllal po!ver at all
frequerlcies, the reduction factor due to chromatic effects
that should be applied to the theoretical contrast can be
ex[]resscd  as:

rAA = ‘+%9~ ~~m> (12)

.i ;
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where Al is the’ ol)ticiil l)atll diffelelice  bctw’cell tllc t~fw
intcrfcri]lg  beams.  If a }Jalldwidtll  equal  t o  -3J = J/10
is assumed, an 01’1~ of tllc swne value WVUICI  lead to a
negligible Iecluct iml of the fringe contrast, but ml OI)D  of
J (still a tcmth of the cc]llermlce Icvlgth)  gives a Corlcctiorl
factor of 0.986.  For a bandwidth AA = A/4, tl~c cc)he~clice
length  is 4) slid all OPD  of A reduces  the fri]lge visibility
by a factor 0.900. The  impact of IIolychronlaticity  becomes
more important at large field angles.

Our program makes it ~)ossible  to co-add interfcrel]ce
pat terns obtairlcd  fol differcrlt ~vavelerigtlls, Table 2 gives
the fringe contrast obtained with Larldwirfths of 60 and
100 nanometers. for the unperturtmd  system, at th]ec  field
angles. As I)reclicted,  clepcnding  OJ1 the field augle, the
reduction factor o~[ the fringe }risilrility  rar)ges from 0.8
to 0.9 for a barldwidth  equal  to AA N A/9 (60 nn~), even
at the edge of the field for a slightly perturbed systcnl.
For a wider bandwidth, AJ N A/5 (100 nrn), the frirlgc
cent rast is reduced by the same order of magnitude for
the unperturbed system. After perturbation of the system,
the consequences of such a bandwidth are, of course, more
draruat  ic.

Table 2. \rariatior~s  of the fringe  contrast with field arlglcs for
polychrornatic  fringes with twc} different o~)tical Landwidt}ls,
for an unperturbed systcmi

.— .—.
Field a n g l e  [deg] O 0.32 0.45
——..— — ———————-——––———-
AA N A/5 0.822 0 . 7 6 4 0.781
AA - A/9 0.887 0 . 8 1 2 0.823

__— — —

Table 3. Variations of the fringe contrast with field angles
in a plane containing the optical axis and the baseline of the
interferometer (}’ — Z plane) and in a perperlcficular  plane

(X – Z plane), for the uriperturbed system

——— —
Jrisit,ility

Field a n g l e s  0 ° 0.32” 0.45° 0.8°
—— —.—
}’ – Z plane 0.995 0.989 0 . 9 8 4 ;.980
X – Z plane 0.995 0.9S6 0 . 9 7 4 0.888

_—-— ——

3. Tolerances of the design

It is ‘of prime inll)ortallce,  when studyilig  the fea.sil)ility
of an optical instrument, to defi~lc tllc IIlargirl  of freedom
for variations from tl~e llmnirlal  lwsitioll  of each elcltier~t
Of the system. in this sectio]l,  v,w rllorlitol tile variations
o f  t h e  fringe visil]ility wllml cacll ol)tic is !Ilecllallically
p e r t u r b e d  itl all {Iir{,ctiolls  and ill(l(~l)(,~l(lerltly frorli t}iC
Otllcrs, Tliesc Iwrt III lM1 ions could colreslmrld  to t lterlllal

variatiorls  froln one cJld of the interfelornetel  to tllc other.
It is then ~Jossil~lc  to cllc)ose a quality Criter-iorl  for the
fringe visil)ility which sets the tolmar~ces  on the structure
of tile irlstrulnent.

3.1. TflWJetical  structure and therlna]  }’ar-iations

Y

I ,
L... -——— 7.

Fig. 7. ‘1’heoretical structure ll~ade of very low expansion nlate-
rial and supporting the optical system used as a rule-of-thumb
for the derivation of the tolerances. It is composed of a central
rod al~d several secondary rods supporting the sub-apertures
C,II  tile tllrec surfaces. An exaggerated exparision  of tlje central
rod prowkir(g  a rotation o c)f the lower auxiliary rod, support-
ing a I)riri]ary sub-aperture, is drawn as well,  showing the kind
of perturbation we imagined to derive the tolerances of t}~e
instrument

\~~e tlied to deril,e some kind of “rule of thumb” in order

to estin~atc  the expected displacements due to thermal
variatim~s. To do so, we considered a structure made of
very low expansion material, supporting the different el-
emcvlts of tile iuterferc)rneter.  The way we imagined it is
displayed ill Fig. 7. This scliematic  structure comprises a
Ilunll]er of rocls,  each conrlected  tc) a central rod. Each
ol)tical  element is free to rotate around its vertex or to
be tr al~slated. ~’o get t l~e order-of- magriitude  of t}le tilts
these ol)tic.s would suffer from, we cc)llsidered  translations
of the central  rod (or an expansioxi  of it due tc) thermal
variations) tlIat would rotate the off-axis mirrors arourld
t]leit vertices witilout  translating them, as S} IOWJI in Fig. 7
Wllele 0 k the lC’SU]ti[I~ IOtdiOU  dUC h the tIaIldatiOll of
tile cerltral  rod.

~’o estimate the valrrcs  of these translatio]]s  slid rc)ta-
tiorls, w considered a Coefficient c~f Thermal F.xpansioll
((;TE) of 10-8 1(-1, wrllicll  seems quite reaso~lal)le  today.
The slmtial  IIorllogerlcity  of the ~TE ancl its variations
wit 1[ t lIe telllIwrat  urv arc IIot considered here. A ten~per-
at uw va] iat io)l of 30 K for it~st all(e  (which is I)utJ)oscly
Cl)oscl) {L% extrcrl~cly large), v’ill cxl)alld tllc 3,5 Ill celitral



rod by 10-8 X30 X3.5 = 1.0S ~lnl. “1’hc resultil}g rotation for
the primary sub-apertures would be 1.05/ 1.3 = 0.8 luicto-
rartian (prad). This value is rather pessimistic consitlerin.q
the performa!lccs  of active thertnal  control.  It could e:~s-
ily be divided by a very sigriificant factor  (probably more
than 100), depending also on the value of the CWE whose
range is 5.10–9 – ,5. 10-8 K-” 1 for very low ex~)ansion 111a-
tcrial  at the cousidcrecl temperatures. A value of 10 K for
temperature variation can give us a first iciea of the toler-
ances. This brings the previous value to 0.3.5  JLIU  for the
central rod and to 0.27 prad  for the ti~) or tilt of a primary
aperture.

3.2. Pertrrrbations and resulting contrasts

In the case of a multi-pupil instrument, such a.s an inter-
ferometer, it is essential to look at perturbations of in-
dividual optical elements of the system m opposed to a
global tip/tilt or translation of the whole telescope. Driv-
ing COMP  and SCOMP (Subroutine COMP)  tJy a for-
tran program, we propagated rays and diffraction through
both apertures separately, making it possible to perlurb
each optical element itlctepenrlent]y.  The amplitudes of the
propagated electric fields are then added and squared to
obtain the diffraction pattern on the common focal plane.
The fringes arc treated and analyzed as exposed previ-
ously. The term “perturbations” includes tips, tilts and
translations in various directions. As shown in Fig. 7, the
optical axis is the Z axis and the axis supporting the t)ase-
line of the interferometer is Y. A }’-tilt nleans that the
elenlent rotates around the axis parallel to the ~ axis and
passing through its vertex. Field angles are usually in the
}7 – Z plane except when n~entioued  otherwise. The fringe
contra.$t  for various field  angles is sumnlarized in ‘1’able 3.

The contrast of these monochromatic fringes stays high
at all field angles in both viewing direction, even up to 0.8
degree in the field (contrast = 0.98 and 0.88), confiln~ing
the good performances of the design.

Each of the three mirrors are split into t~vo s~naller sul)-
apertures. ‘1’he  amplitude of the perturbations is derived
using our theoretical structure as a “rllle-of-tll~lr t~l~”. AS

rrlentioned before, all expansion of 0.35 pm could lead to a
tilt of 0.27 pract for a primary sub-aperture. The salne ex-
pansion would tilt a secondary sub-aperture by 0.65 prad
and a tertiary one by 0.875 prad.  The fringe risibilities
obtained after perturbation of the system are sumnlarized
in Table 4, Concerning prilnary  apertures perturbations,
the slightly differer[t  values for the visi})ility after positive
and negative Y-tilts are due to the fact that initially, the
centroids  of the irua~es formed by each aperture do not
perfect ly Ok’erlap, inrtucing  a noll-symnletrical  situatiorl.
A negative tilt im~)roves  the initial configuration and thus
enhances the fringe ccmtra.st.  The latter relnains  greater
than 0.88 for perturbatimls of au~plitude  III) to 0.3 Ilrad,
which is rather satisfying

As f(]r  off-axis observations after ~jcrturbation  of a pri-
Iuary sut}-aperture, a 0.3 ilrad tilt ]ea{ls to a contraM of
0.8.5 at 0.32 degree in the field. Since the system has a
wide diffraction limited field-of-view, one can expect the
COrltr&$t to be  CIUite COHStallt OVel the  WhOle fif21d  a f t e r
ally kind of perturbations: the variation is less than 590
of the on-axis value of the visibility. It is interesting to
apply the same kind of perturbations to the secondary
a~ld tertiary sub-apertures. Visibility values after pertur-
bation  of these elements are also given in Table 4 where
it can be seen that tolerances on secondary and tertiary
clenlents  seem less stringent than on the primary ones: the
loss of visibility after various perturbations (X-tilt, Y-tilt,
Z-shift) of amplitude corresponding to the thermal expan-
sion we considered, remain smaller than 10Yo. For nominal
values corresponding to a 10 K temperature variation, the
contrast stays above 0.83 for a single perturbation. A per-
turbation applied to two elements of the system has much
more dramatic consequences on the fringe visibility. For
instance, tilting a primary and a tertiary aperture by the
nominal values given above (0.3 ancl 0.875 pracl respec-
tively) leads to a contrast of 0.66, probably insufficient in
terms of signal-to-noise ratio.

3.3. A relationship between fringe visibility and centroid
separation

In a~i optical system such as a Fizeau  interferometer, the
contrast of the fringes obtained in the focal plane depends
on two main parameters: the optical aberrations of the
system and the degree of super-in  lposition of the images
formed by each aperture. As a loatter of fact, each of the
two apertures of the interferometer produces a diffraction
pattern - an Airy spot convolved with a transfer function
. . on the focal plane. Interference fringes are the result
of the coherent super-imposition of these t~vo images. For
the unperturbeci  system, Fig. 8 shows the geometrical spot
cliagram  of the interferometer: the centroids  of the two
sj)ots are separated by - 2 pm, i.e. about a twentieth of
the Airy disk diameter.

TILCJ cluality of the friugcs de~]etids  directly on how ~vell
the images overlap. This can be qual~tified by the measure
of the Iillear separation! bet~veen  the centroids of the spots
given by each aperture. In a system with low aberrations,
or iu a low-aberration regime, the visibility of the fringes is
uniquely function of this separation. To prove empirically
this relatiollsbip,  we plot the fringe visibility a.s a function
of the separation of the centroids,  ~vhich positions are cal-
culated for each configuration of the optical elements, for
each fanli]y of perturbations. The curves show an exce)]ent
agree nlent. hforeover,  it could be fitted  using another way
to express the contrast 1’- as a function of spot centroid
separation.
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Table 4. Fril~gc  visi~lilities for various pcrtur ~}atiolls a[)])licd iIldeIwndcIltlj  tO tt~e sub-al~cwturcs of all tllrcc  Inirrors. II) certain
cases ,  visibiliti~s  are givcrl f(m sc!’cral  field auglcs. }’-shift and Z-shift rq)rcscmt translat ions  alorqg }“ and Z axes. Tilts  arc
described in t},c text

——. ——. — — .— .—— —.
h!irror }’-tilt }’-shif( \’isihility A’-tilt \risil,ility Z-shift \“isit,ility

[prarl] [/11,1] orl-axis 0.32° 0.45° 0.8° [prad] o*,- axis [/11,1] on-axis
— . — . .—— —

~,rimary 0.1 0.975 0.1 0.987 -1.0 0.992
0.3 0.887 0.863 0.845 0.839 0.3 0.922 -0.5 0.994
0.6 0.633 0.6 0.6s9 0.5 0.996
0.’7 0.532 0.7 0.589 1.0 0.997
0.8 0.441 0.8 0.4S2 1.5 0.998

-0.1 0.999
-0.3 0.965
-0.6 0.790
-0.7 0.698
-0.8 0.597

1.0 0,979
—.

secondary 0.65 0.907 0.884 0.8~8 “– 0.65 0.888 1.0 0.926
1.0 0.937

—..——
tertiary 0.1 0.990 1.0 0.927

0.3 0.976 0.3 0.927
0.6 0.944 O.G 0.910

0.8 0.914

0.875 0.900 0.878 0.862
I .0 0.876 0.851 0.834

1.0 0.929
_— — _ . — -——

Let us consider agaiu the Fourier Transform (denoted
here by F for clarity) of the intensity 1:

i = F([F1[2) +F([F212)+F(F1F2*  +~]*fi2)

=P1*P;  +P2*P;+P1*  P;+ P;*P2 (13)

where * denotes the convolution of two distributions. ‘1’his
equation contains a low frequency term (the sum of the
auto-correlations) and high-frequexicy terms centered at
*I?. The terms do not cwerlap, enabling us, by squaring
this expression, to obtain:

[llz = [P, *P:+ P,* P.. I2 + IP, *P; y + p; *P21’ (14)

We mentioned previously that Roddier & L6na (1984) hacl
shov’rr that the ratio of the high to low frequency energies
gave a good estimation clf V2/2.  Thus u’e define the mod-
ulation C of the fringes:

For unaberrated wavefronts (arg PI = arg 1’2 ), the nlocl-
ulation of the fringes obtainecl  with all unresolved source
i s  e q u a l  to 1/2 alld the cmntra.st  to unity. Usi~lg the coxL-
volution theorem, it is Straightforward to shOW that thC’
numera tor  of  Eq. (15)  is equal to the overlal) integral of
t h e  i m a g e s  forlncd by Cac}i Sutkaperture  i~i the abscwcc

of interference which is the cross-correlation of two Airy
patterns e~’aluated at the separation ~ 1--  cr2. The inten-
sity function of the Airy pattern is the squared modulus
of the amplitude expressed in Eq. (5) and is denoted by
IA. Likewise, the denominator can be expressed in terms
of overlap integrals. For the case of displaced images, one
finally gets:

The  distribution we obtained for various perturbations
matches tile curve given by F,q. (16), as demonstrated in
Fig. 9. Usirlg this interpolating function, we can obtain
values accurate to within 270 of the true value. The inl-
portar]ce  of this clerived relatiordip  resides in the possi-
bility to have a very cluick access to the fringe visibility, i.e.
to the signal-to-noise ratio, for any kirld  of perturbation
al)l)lied to tile o~)tical  system, by Ineasurirlg  the resulting
dis~llace~neJlt  of t]lr  centloid  c)f t}le sl)ot J)roduced ~y t he
~~erturt~ed  part of tile systcvn. hioreover,  by nleasuriug  the
scq)aratiorl  of the centroids irl units of Airy disk diameter,
tile derived fuuctic)n  can be generalized to Fizeau  interfer-
ometers with arljitrar$y B and d.
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Fig. 8. Spot diagram given by COMP for the interferometer.
Both axes are in units of centimeters. The geometrical spots
overlap on the focal plane to within a small fraction of the
Airy disk diameter. The overall size of the spot is nearly 4
pm (the size of the Airy disk is 38.75 pm). The numbers C)U
the z-axis are – 2 10-s, 0,210-5, thus representing a width of
0.4 pm
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Fig. 9. Fitting function for the visit~ility vs. centroid
tion relations}lip.  T}ie curve is derived from I;cI. (16)
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sc[)ara-

In this section, wc have showN that the aberrations
of the system only play a secondary role on the 10SS o f
visibility, compared to the relative tilts of the entrance
sub-apertures The  main tolerances on these perturbations
arc, considering that a visibility of -0.75 is acceptable,
- 0.5pract  for a tilt of a primary sub- aperture, w 0.8/lrad
for a tilt of a secondary sub-aperture and > 1 lmad for a
tilt of a tertiary sub-aperture. Tolerances on translations
of the optics are less stringent, allowing motions of several
microns along both the optical axis and the perpendicu-
lar ones. It is also possible to define a quality criterion
in terlI1s  of the separation of the light centroids.  If a vis-
ibility of 0.75 or higher is needed, our results show that
the separation between the centroids  of the images of each
sub-aperture must remain smaller than 32~0 of the diam-
eter of the corresponding theoretical Airy spot.

3.4. Analysis of the distortion

Distortion is the only aberration which does not affect
image quality but only its position. With an astrometric
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Fig. 10. Variations of the difference between the true centroid
position and j x tan O with respect to f ield angle

interferometer, we are interested in measuring very accu-
rately the phase of the interference fringes. If they are
displaced by unpredicted distortion, significant errors can
occur. To avoid that, it is important to start ~vith a dis-
tortion free or at least a low distortion instrument. Then,
a precise model of the aberrations of the system ~vould
enable accurate fringe ~)arameters  measurements over the
w’hole field-of-view. Out design was optimized for a widt>
field-of-view (0.9 degree) arLd is thus subject to distortiorl.
since it scales a.s the cube of the field  angle. Using COMP,

its ray trace and diffractior~  features, ww analyzed the dis-
tortion of the system for both the geometrical spot and
the true diffracted image.

In a perfect system ~vith no distortion, tl~e centroid
of the geometrical spot follows the I’ariations  of f x tan O
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Fie.  11. I,eft a): Variations of the fringe  r,osition with respect to field angle. T}le amount of distortion at the edge of the field
(0.~5 degree) is’~40 mas. Right  b): \Tari~tions  of the frin;e ~,osition  with respect to field angle with a primary sub-aperture
tilted by- 4 }~rad

where j is the paraxial  focal length and @ the field angle.
In a real systeru,  the cent roid’s position is displaced by a
third order term. WC first plotted the difference between
the actual centroid position and fxtan f? versus field augle.
The relevant curve is the one for which f is a least-squares
fit of the system [centroid position versus tan 6]. These two
curves are displayed in Fig. 10.

The second and most interesting step was to conl-
pute the position of the fringe pattern (the position of
the central fringe for instance) and trace its variations
across the whcde field-of-view. Again, this could be done
using COMP’s  full diffraction propagation. ‘1’he variations
of the fringe position with respect to field angle are plottecl
in Fig. lla whele  it can be seen that there is w 40 mas
of distortion at the edge of the field (0.45 degree). This
corresponds to one fringe of displacement, an effect that
would severely blur fringes if they were integrated across
the focal plane,  without caution.

As the optical elemelits  of our system are perturbed,
v'ecollll)ute  tl~el>ositio~l oftllecex~tral  frir~ge, a.sexplaillcd
previously.. ]t seems that the amount ofdistortion is quite
insensitive to these perturbations, at lea-st for tile order  of
magnitude we consiclered. For illsta~icc, Fig. 1 lb SIIOWS tile

same curve a.s Fig. ] la aftm tilting onc of tllc J)rinlary sul J-

apertures by 4 )11 ad. It call lJe secv~ t IIat  the rnafyificat io]l
of the fringe l)ositioll is slightly different tlla~l before. l’lle
alllOUtlt of distort io]l at t lIC edge of t IIc field  is Orlly 1 O(XI
g r e a t e r  thal] before, Scvclc ~)crt u] }mt io~is or) one of tllc
t e r t i a r y  SUkJ.fi]JCIIUICS  fo] illstallcc,  lead to silliilar  lesu]ts

thus shoving  that the system does not seem to be subject
to large variations of distortion within  a wride range of
perturbations.

4. Conclus ion

The purpose of this paper was to present the model]ing  of
a Fizeau  interferometer and is intended as the first step
towards an end-to-end modelling  tool for an astrometric
interferometer. We used an all-reflective compact three-
mirror telescope that we desigued  as well as a starting
point fol this study. It has a N 0.9 degree diffraction lin~-
ited field-of-view and fits in the Ariane  V payload shroud.
The three  hyperboloidal mirrors from which the apertures
of the interferometers are cut }Lave reasonable eccentrici-
ties and radii of curvature. The proposed configuration en-
ables a l]recise compensation of the aberrations and would
naturally require all accurate manufacturing of the optics.

We analymd  the  }Jerforlnances c)f t)ie instrurnertt  i n
terms of frirlge visibility since it is related to the signal-
to-noise ratio. To C1O so, we chose a conlmonly  used method \ \,
to estitnate the fringe visibility u’hel( the elements of the ~
optical traili  of the illterferolncter  are independently l)er-
turbed. WC derived a Ilurnerical function  describing the
variatiorls  of the fringe l’isil)ility with tt[e motior(  of t}le
ccrltroids  of the i!llages folrned l)y each a])erture  of tllc
iltterf{’rolllctc~, This  relatiorlsllil)  enal)les  us to quickly de-
scrilw tile res]IoIIse of t}~e illstru)nent  to ]mrturbations,  in
teJ IIIS of frilkgc visibility. M’e call ddille a quality criterion
for tile fringes ill terlns of se~)arat  ion of t lie Cent Ioids. WC
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showwd  tliat wlicn this  separat ion rel[lains snlallcr  tha[l References

lf’imatl irlt(, rferon]ctcr

It,mging by
30% of the  diameter of the theoretical unaberrated Airy IIcckcrs  J. M., hlerk[e P., 1991, IIigll-ResolutiOrl
pattern, the q(l:tsi-lllollocll rcJ1llatic visibility stays above Interfcronwtry  11, 1’S0, Carching bei Munchen,  Gcrrnany-

0 . 8 .  F o r  po]ycllrornatic  frir~ges  (AA = 60 nrn), this  value ~:iscr,t,erg  s,, ~>earsol, ~1, , 1987, l’wo-Mirror  l’hrec-Surface
drops to 0.7.

The  instrument maintains good fringe visibility for
perturbatiorls corresponding to a telnperature variation
of 10 K over the whole structure rnacle of low expansion
material, and which are of the orcler of a few tenths of
pracl for tips and tilts, makingit quite robust totherlnal
and mechanical perturbations, It is very likely that a far
more precise thermal control would be achieved in the fi-
nal configuration, making the assunl~)tion cm the order of
magnitucie  of the pc!rturbations  quite pessimistic. It has
also been shown that there is - 40 ~nas of distortion at
theedgeof  the field ancl that distortion seernsto be fairly
insensitive to small perturbations of the system. A careful
rnodelling  of the aberrations and in particular distortion

is thus needed so as to perform accurate fringe phase nlea-
surements  over the whole field-of-view.
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